Abstract: Biomass and microbial activity in backwashing processes of a biofilter for tertiary treatment were investigated. The microbial groups revealed new distribution along the biofilter depth after low flow rate backwashing for a short time. Then the start-up process was accelerated by backwashing. The biomass profile and microbial activity profile both varying with depth before and after backwashing, can be mathematically described by quadratic equations. Using the profiles, the difference of oxygen demand can be calculated to determine the airflow rate during backwashing. Combined with the difference between biofilters and rapid gravity filters, analysis of biomass and microbial activity can determine more accurately the required airflow rate during backwashing.
INTRODUCTION
The technique of biofiltration has been successfully used in water and wastewater treatment for over a century. The biofiltration process used in tertiary treatment before the early 1980s for application to water pollution and reuse, however, were focused on the design, parameters and operations (Viotti et al., 2002; Tauno et al., 2001; Payraudeau et al., 2001) , and the biomass and microbial activity did not receive enough attention. Biomass and microbial activity in a biofilter are two critical parameters, which determine the reactor's performance in water treatment (Liu et al., 2001) , and have become the focus of interest in the scientific community due to the development of modern analytical techniques. Boifilms are of two types: active biofilms and inactive ones. Different from inactive biofilms, active ones have direct influence on the substrate degradation rate, which is proportional to the surface areas of supports (Liu and Capdeville, 1996) . Biofilm spatial structures can be studied by using a 3-D image technology as a bridge between light microscopy and electron microscopy (Lazarova and Manen, 1995) .
Biofilters are different from conventional gravity filters and can be used to treat water in a fine porous medium where the purification occurs, and can not only filter suspended solids, but also increase the degradation of organic matter using the fixed film biomass. These two mechanisms ultimately result in the progressive clogging of the biofilter, which must then be washed clean (Hozaiski and Bouwer, 1998) . Biomass and biofilm activity changed after backwashing in the experiment. The objective of the research is to study the changes of biomass and biofilm activity in start-up and running operations and their relations with backwashing parameters.
MATERIALS AND METHODS

Experimental set-up
The pilot plant tested in this study was in Wen Fig.1 . The biofilter is a 3.0 m tall, 0.3 m inside diameter cylinder with volume of 212 L. The filter was filled up to 2.1 m height with argil particles of 2−4 mm diameter, density 1832 kg/m 3 , 0.46 porosity, and there were eight taps located at height of 0, 30, 60, 90, 120, 150, 180 , 210 cm respectively (from bottom to top of biofilter), allowing for biomass and biofilm activity sampling.
Analytical methods
The amount of biomass was quantified by measuring the organically bound phosphorous (phospholipids) according to a method described by Yu et al.(2002) . Phosphorous is an important part of biofilm and decomposed after death. The organically bound phosphorous was extracted and then digested into inorganic phosphate. In the colorimetric quantification, the units of measurement are nmoles of 3 4 PO − (1 nmol P) per gram of dried medium. 1 nmol P corresponds to 10 8 coliform. The biofilm activity measured by biomass respiration potential (BRP) method (Urfer and Huck, 2001 ). The measurement of chemical oxygen demand (COD) followed that in Standard Methods (APHA, 1992) .
Start-up operation of the biofilter
During active sludge cultivation in the aerated tank, biofilter also was inoculated by feeding the sewage water to the first filter at increasing flow rate of 1 m 3 /m 2 to 5 m 3 /m 2 to save time. Superficial velocity of 4 m 3 /(m 2 ⋅h) for the air was maintained throughout the experiment. The filter operated at ambient temperature of (20±2) °C. Temperature, pH, dissolved oxygen concentration of the biofilter reactor were monitored online.
RESULTS AND DISCUSSION
Backwashing in start-up operation
Microorganisms grow in the start-up of biofilter. Researchers suggested that no backwashing is needed in this phase for biomass accumulation (Chandravathanam and Murthy, 1999) . Fig.2 shows the change of COD removal efficiency of a backwashed biofilter in start-up operation. For the first 5 days, the COD removal rates of two biofilters (1 # and 2 # ) were similar and then the performance of 1 # was heightened by the backwashing. To the eighth day, the COD removal reached to 30%. As observed in Fig.2 , one third of start-up time of the biofilter can be saved through a backwashing.
However, the parameters of backwashing in start-up operation were different from those in periodic backwashing. Low rate flow backwashing that occurred a short time caused microbial redistribution along the biofilter. A plot of biomass versus layer depth ( Fig.3) showed that the biomass concentration on the filter asymptotically decreased along the biofilter, and was less than 30 nmol P/(cm 3 medium) on the top layer. The major portion of biomass was in the 60 cm layers for the influent mass flow of organic matter and caused clogging of the biofilter. It appeared that as the organic loadings decreased and less biomass was in the top layer of the biofilter, the biofilms became thinner. Fig.3 suggests that more space inside the top layer medium can be utilized for the growth of microorganisms.
Biofilms detachment from the medium in start-up process through backwashing redistributed the biomass and microorganisms profile along the filter. As presented in Fig.3 , the curve of the biomass versus layer depth after backwashing is a smooth line. Additionally, low flow rate backwashing for a short time partially restratified the medium, further contributing to reducing the clogging in the biofilter and shortening the start-up time.
Biofilm activity was not proportional to the quantity of fixed biomass, but increased with the depth of biofilter. The biofilm on the top layer became less thick, and then the microbial oxidation and COD removal efficiency were improved which accelerated the start-up operation. A significant fact observed in this test was that the biofilter without backwashing (2 # )
became hardened in the start-up operation due to clogging of a large amount of biomass and solids in the bottom layer, and then made the running and backwashing of the filter difficult. As shown in the previous example, backwashing is necessary in the start-up operation of biofilter. However, the mode, flow rate and time of backwashing should be selected for different medium. Low backwashing flow rate and shorter backwashing time than those in regular backwashing were used for maintaining the biomass accumulation. Only water backwashing was selected in the start-up process of this experiment and the water velocity was maintained at 7.5 L/(m 2 ⋅s) for 120 s.
Expanding of biofilter during backwashing
Combined air/water backwashing has been adopted in the process (Stevenson, 1995) , since water backwashing alone seemed not to have a favorable effect on the biofilter. It appears that the air velocity is important to the backwashing and dependent on the expanding of biofilter in most cases (Kraft and Seyried, 1990 ). Fig.4 shows expanding rate of biofilter (after start-up) and filter (before start-up) in backwashing at different air velocity. When the water flow rate is fixed, the expanding rate of biofilter increases with the increasing airflow rate. Fig.4 indicates that the expanding rates of biofilter are larger than those for non-biological filters in the range of air flow rate of 5−20 L/(m 2 ⋅s). Unlike the rapid gravity filter, surface on the medium and space in the medium are full of biofilm, which is organic matter with density smaller than water among the filter before start-up operation. Considering the difference between biofilter and rapid gravity filter, using expanding rate only to choose the air velocity during backwashing is not realistic.
Change in oxygen demand
Aerobic microbes and the oxygen demand of icroorganisms which can cause removal of contamination complete in biofilter degradation (Ellis et al., 2000) complete in biofilter degradation. The units of biomass and microbial activity are nmol P/(cm 3 me- ceased when microbial activity increased. The removal rate of COD recovered to 80% of normal operation after 3 h of backwashing. The oxygen demand (OD) changes with different air flow rate (AFR) (Fig.5) . Conversely, the relationship between OD and AFR shown in Fig.5 can also be used to decide the air velocity in backwashing. Three grams of medium was removed for each test, a mount that was in the periodic running and after 3 h of backwashing in the 80 cm layer. It can be observed in Fig.5 that the oxygen demand after backwashing was about 1.4 mg O 2 /(L⋅cm 3 medium) or so but less than that in the periodic running, which suggestes recovery occurring in the backwashed biofilter.
The hatched area in Fig.5 represents the differences of the oxygen demand before and after backwashing. The figure indicates that the hatched area has a bottleneck shape, and that the OD differences minimized when AFR (X 0 ) is equal to 9.4 L/(m 2 ⋅s).
The differences increase when AFR deviated from the values of X 0 . The result indicates that the backwashing in halfway and microbial activity changed little when the air velocity was less than 9.4 L/(m 2 ⋅s); on the contrary, too high values of air flow rate can also result in large biomass loss. But too low or too high values of AFR can decrease the oxygen demand, and shorten the running time or lengthen recovery time after backwashing.
Change of biomass and microbial activity
The general patterns of the biofilter biomass in relation to biofilter depth are presented in Fig.6 showing that the biomass decreased progressively along the biofilter depth for decreasing organic matter concentration.
Biofilm reaction-diffusion kinetics and modelling were used to establish a general model describing the thickness of film and substrate concentration of the influent (Liu et al., 2000) :
where Th a is the thickness of active biofilm (L); D e is the diffusion coefficient of substrate (L 2 /t); S is con- According to Eq.(1), the activity in the top layer is less than that in the low layer for decreasing organic matters concentration, which is different from the results that we observed in the experiment. The reason for this discrepancy is that Eq.(1) was derived on the basis of the symmetrical distribution of microbial activity along the film thickness (Wimpenny et al., 2000) , which means the specific growth rate of inactive and active microbes is the same and that it is impossible to restrain indecomposable, toxic, metabolized matter. The gradually decreasing organic matters stimulated microbial activity in the top layer and increased the biofilter oxygen demand (Servais et al., 1991) . As shown in Fig.6 , the microbial activity increased along the biofilter depth.
Figs.7−8 are plots of the change of biomass and microbial activity along the biofilter depth after backwashing respectively. The profiles in Fig.7 show that the 50% of biomass is lost due to backwashing in the low layer, partly due to the air flow rate. After backwashing, and that the biofilm becomes thinner, which favor diffusion of the oxygen (Hwang and Matsumoto, 1978) . The microbial activity after backwashing is higher than the values shown in Fig.6 . Increasing the air velocity during backwashing can also increase the microbial activity. However, the improvement was limited when air velocity was more than 9 L/(m 2 ⋅s).
Air velocity in backwashing based on oxygen demand
Examination of the results for biomass and microbial activity along the biofilter depth shows that the oxygen demand can be determined not only in a layer profile (Fig.5) but also in the profile of the whole biofilter. The biomass and microbial activity for any layer, which decreases or increases with depth exponentially, can mathematically be described by the quadratic Eq.(2) and Eq.(3):
where a 1 , b 1 , c 1 , a 2 , b 2 , c 2 are coefficients found from the regression analysis and change with the air velocity during backwashing, and x is the biofilter depth (cm). The average oxygen demand at any layer, q(x), is thus given by:
Assuming the biomass and microbial activity along the biofilter depth at different air velocity are m 7 (x), m 9 (x), m 11 (x), m 13 (x) and n 7 (x), n 9 (x), n 11 (x), n 13 (x) respectively, according to Eq.(4), the average oxygen demand of the whole biofilter can be decided not only during running operation but also after backwashing. Fig.9 presents the change of the average oxygen demand in the whole biofilter before and after backwashing according to Eq.(4), which is close to the curves of the 80 cm layer in Fig.5 . So the best air velocity value of backwashing is that of the 80 cm top layer. Fig.9 shows that the oxygen demand before and after backwashing has the minimum value when the air velocity is approximately 9 L/(m 2. It is not appropriate to determine the air velocity of backwashing by expanding which is used in rapid gravity filter for biofilms cultivated in it. The biomass and microbial activity are important biofilter parameters, which depend on the layer depth. The oxygen demand can be used to determine the airflow rate in backwashing. The difference of the oxygen demand before and after backwashing has the lowest value at the most desired air flow rate, which is approximately 9.4 L/(m 2 ⋅s) according to this experiment.
